Inositol hexakisphosphate kinase 2 (IP6K2), a member of the inositol hexakisphosphate kinase family, functions as a growth suppressive and apoptosis-enhancing kinase during cell stress. We created mice with a targeted deletion of IP6K2; these mice display normal embryogenesis, development, growth and fertility. Chronic exposure to the carcinogen 4-nitroquinoline 1-oxide (4-NQO, a UV-mimetic compound) in drinking water resulted in fourfold increased incidence of invasive squamous cell carcinoma (SCC) formation in the oral cavity and esophagus of the knockout (KO) mice compared to the wild-type (WT) littermates. Paradoxically, KO mice displayed relative resistance to ionizing radiation and exhibit enhanced survival following 8-10 Gy total body irradiation. Primary KO fibroblasts displayed resistance to antiproliferative effects of interferon-b and increased colony forming units following ionizing radiation. Radioresistance of KO fibroblasts was associated with accelerated DNA repair measured by comet assay. Direct microinjection of 5-PP-Ins(1,2,3,4,6)P 5 (the enzymatic product of IP6K2), but not InsP 6 (the substrate of IP6K2) induced cell death in SCC22A squamous carcinoma cells.
Introduction
Inositol hexakisphosphate kinases (IP6Ks) catalyse the synthesis of inositol polyphosphates, high energy compounds that play diverse biologic roles, including regulation of nonhomologous end joining (NHEJ; Hanakahi et al., 2000; Ma and Lieber, 2002; Byrum et al., 2004) , regulation of endocytic trafficking (Saiardi et al., 2002) , protein phosphorylation (Saiardi et al., 2004) , chemotaxis (Luo et al., 2003) , regulation of telomere length York et al., 2005) and apoptosis (Morrison et al., 2001; Nagata et al., 2005) . Using inositol hexakisphosphate (InsP 6 ) as a substrate, the enzyme inositol hexakisphosphate kinase 2 (IP6K2), encoded by the gene IHPK2, catalyses the synthesis of diphosphoinositol pentakisphosphate (5-PP-Ins(1,2,3,4,6)P 5 , also known as PP-InsP 5 or InsP 7 ; Figure 1 ). Overexpression of IP6K2 sensitizes ovarian carcinoma cell lines to the growth suppressive and apoptotic effects of interferon (IFN)-b, IFN-a2 treatment and ionizing radiation (Morrison et al., 2002) . Snyder and colleagues demonstrated that IP6K2 enhanced the cytotoxic actions of several different cell stressors, including cisplatin, staurosporine, hydrogen peroxide and hypoxia (Nagata et al., 2005) . Importantly, IP6K enzymatic activity was enhanced during death induction. York and colleagues recently discovered two gene products, VIP1 and VIP2, that function as both InsP 6 and PP-InsP 5 kinases Mulugu et al., 2007) . Hence, IP6K2 catalyses formation of InsP 7 , whereas VIP1 directs the synthesis of both InsP 7 and InsP 8 .
Recently, targeted deletion of the IHPK1 gene has been performed (Bhandari et al., 2008) , resulting in mice that display growth retardation, decreased insulin release from pancreatic b-cells and sterility in males secondary to defective spermatogenesis. Because of the proapoptotic function of IP6K2, we hypothesized that loss of this gene product would confer relative resistance to cell death in certain tissues or predispose animals to neoplastic transformation. To determine the physiologic role of IP6K2, we created mice with a targeted deletion of exon 2. Unlike animals lacking IP6K1, IP6K2 knockout (KO) mice displayed normal embryogenesis, development, growth, blood chemistries, serum insulin levels and fertility. However, when exposed to chronic administration of a carcinogen (4-nitroquinoline 1-oxide; 4-NQO) in drinking water IP6K2 KO mice displayed accelerated development of invasive aerodigestive tract epithelial carcinoma, including squamous cell carcinoma (SCC) of the tongue, oral cavity and esophagus.
Results
Nucleotides 1-202 of exon 2 of the IHPK2 locus, encoding amino acids 1-67 of the protein, were targeted for deletion (Figure 2a) (Figure 2b ). To prove that site-specific, rather than random genomic, recombination had occurred, PCR using vector-specific (neo) primers were paired with primers specific for flanking regions immediately adjacent to (and outside of) the insertion site; only products of the predicted size were observed (Figure 2c ). Immunoblot analysis of tail clip lysates indicated reduced levels of IP6K2 protein in tissues of heterozygous mice, and protein was undetectable in KO mice (Figure 2d ).
Heterozygous and KO mice displayed normal behavior, growth, development, fertility and life span. Extensive phenotyping of male and female 9-week-old KO and WT littermates, including examination of 56 different organs, complete blood count, chemistry-20 panel and radiographic studies revealed no abnormality associated with the IHPK2 À/À genotype. Blood glucose and pancreatic histology were also normal. One distinguishing characteristic of IHPK1 À/À mice, decreased serum insulin (Bhandari et al., 2008) , was not observed in IHPK2 À/À mice (4 h fasting serum insulin 0.95 ± 0.071 and 1.08 ± 0.065, 16 h fasting serum insulin 0.34±0.055 and 0.28±0.044 ng/ml in WT and KO mice, respectively, n ¼ 8), suggesting that even though IP6K1 and IP6K2 share similar enzymatic activity, they play fundamentally different physiologic roles. RNA silencing of IP6K1, but not IP6K2, resulted in reduced insulin exocytosis from pancreatic b-cells (Illies et al., 2007) . IP6K1 phosphorylates InsP 5 and InsP 6 equally well, whereas IP6K2 displays a strong preference for InsP 6 over InsP 5 (Shears, 2004) . It is predicted, therefore, that knocking out IP6K1 would effect both InsP 7 and PP-InsP 4 levels, whereas knocking out IP6K would chiefly effect InsP 7.
To obtain an index of enzymatic activity, primary fibroblast cultures from WT and KO mice were incubated with [ 3 H]-inositol. Whole cell lysates were subject to high performance liquid chromatography and levels of 5-PP-Ins(1,2,3,4,6)P 5 were determined (Figure 3) . 5-PP-Ins(1,2,3,4,6)P 5 production in KO fibroblasts was 62% that of WT fibroblasts (2.1 vs 3.4% incorporation of [ 3 H]-inositol, KO vs WT, respectively, Po0.003, Student's t-test, n ¼ 4), suggesting that less than half the IP6K activity in primary À/À mice. The targeting construct was created from a mouse strain 129 SvEv bacterial artificial chromosome (BAC) clone that was used to generate the homologous targeting arms. The first 202 bp of exon 2 of IHPK2 were replaced with 1215 bp derived from the targeting vector that contained a neo resistance marker. Utilizing primers 01 and 04, the wild-type allele generated a 1868 bp PCR product and the targeted allele gave a 2881 bp product. Primers specific for genomic flanking DNA outside the homology arms were designed to rule out random insertion of the targeting construct into host chromosomes. Pairing of flanking primers with neo-specific primers gave left-arm and right-arm products of 3515 and 4810 bp, respectively. (b) Genotype of knockout mice. Genomic DNA was isolated from tail clips of F1 and F2 mice and subject to PCR using the Roche Long Template PCR System. Primers 01 and 04 yielded a PCR product of 1868 bp from wild-type (IHPK2 þ / þ ) mice (lanes a, c, e, g, n and q); homozygous knockout (IHPK2 À/À ) mice gave a 2881 bp product (lanes b, d, f, h and j); heterozygous (IHPK2 þ /À ) mice displayed both products (lanes i, k, l, m and o). (c) Neo-specific primers (06 or 15) were paired with a primer specific for the leftflanking region (primer 12) or the right-flanking region (primer 13), both outside of the homology region, to ensure that site-specific recombination had occurred. mice were subject to lethal total body irradiation (TBI) via a cesium source, and survival was determined. After 8 Gy TBI, median survival of WT and KO mice was 10.5 days and 17 days, respectively ( Figure 4a ). There were 12.5% long-term KO survivors (>40 days) in the 8-Gy group. After 10 Gy TBI, survival of WT and IHPK2 À/À mice was 8 days and 13 days, respectively ( Figure 4b ). Compared to WT primary fibroblasts, KO fibroblasts isolated from tail clips were relatively resistant to the growth-suppressive effects of IFN-b (Figure 4c ). Similarly, KO fibroblasts exhibited enhanced survival and increased colony-forming units when compared to WT fibroblasts ( Figure 4d ). To determine whether the KO phenotype was primarily due to diminished InsP6K enzymatic activity or due to decreased IP6K2 protein, KO fibroblasts were rescued by transfection of constructs encoding WT or kinase-dead (Morrison et al., 2002) IHPK2 (Figure 4f ). WT IHPK2, but not the kinase-dead variant, was able to reverse the KO phenotype, suggesting that InsP6K enzymatic activity contributes to radiosensitivity. As these data suggested that the IHPK2 À/À genotype may confer some degree of radioresistance, we studied the DNA repair response to g-irradiation-induced double-stranded breaks (DSB) using neutral comet assays (Wojewodzka et al., 2002; Figure 4e ). In the 3-h time interval following 8 Gy irradiation, KO fibroblasts demonstrated accelerated DSB rejoining compared to WT cells, associated with a more rapid disappearance of tail fluorescence. Enhanced DSB repair in KO animals may, therefore, explain their relative resistance to TBI.
As loss of IP6K2 expression has been associated with enhanced tumor cell proliferation (Morrison et al., 2001; Nagata et al., 2005) , we hypothesized that tissues of KO mice might display enhanced proliferative activity when subjected to stress. We utilized 4-NQO, a UV-mimetic carcinogen that induces hyperproliferation, hyperkeratinization and tumorigenesis in the mucosa of the gastrointestinal tract following chronic administration. This water-soluble compound causes DNA adduct formation (Panigrahi and Walker, 1990) , and induces SCC in the oral cavity of mice following a progression from dysplasia, preneoplasia to invasive carcinoma (Hawkins et al., 1994) . These sequential changes closely mimic the temporal series of events that occur in cellular transformation and development of carcinoma in the human aerodigestive tract. After 23 weeks of continuous exposure to 4-NQO in drinking water, 100% of KO mice developed carcinoma in the esophagus, oral cavity or stomach, whereas 25% of WT mice developed neoplastic lesions at these sites (P ¼ 0.007; Table 1 ). Mucosal hyperplasia and hyperkeratosis were especially common in the esophagi of KO mice, and when advanced, caused distortion and partial obstruction of the lumen ( Figure 5 ). Dysplastic lesions were common and scattered in location (from the mouth to the duodenum) in both WT and KO mice. Invasion of epithelial cells into the muscularis was fourfold more frequent in KO mice (Table 1 The enhanced propensity for development of aerodigestive tract carcinoma in KO mice that received 4-NQO led us to examine the role of IP6K2 expression in human head and neck squamous cell carcinomas (HNSCC). The IHPK2 locus in humans is 3p21, a region frequently deleted in HNSCC (Maestro et al., 1993; Li et al., 1994; Chakraborty et al., 2003) and lung carcinoma (Kok et al., 1987) . We assessed IP6K2 protein expression in different cell lines by immunohistochemistry. The HNSCC cell line RW strongly expressed IP6K2 that localized to the cytoplasm and perinuclear regions; in contrast, SCC22A cells lacked expression (Figure 7, upper panel) . Reverse transcription PCR (RT-PCR) performed on OVCAR-3, HeLa and five HNSCC cell lines demonstrated that IHPK2 mRNA was detectable in all cell lines. Western blot analysis indicated that IP6K2 protein was present in OVCAR-3, HeLa, RW and SCC22B cells, but was undetectable in SCC17A, SCC22A and UMSCC cells (Figure 7 , lower panel). Hence, IP6K2 protein appears to be unstable in these latter three cell lines. The index of enzymatic activity (5-PP-Ins(1,2,3,4,6)P 5 , as performed in Figure 3 IP6K2 and squamous cell carcinoma BH Morrison et al 4.18 ± 0.69 pmol/mg cell pellet, respectively, n ¼ 4), indicating there was no impediment to cellular uptake of the inositol substrate in either cell line.
We performed whole-genome expression profiling (Illumina, San Diego, CA, USA) analysis on IHPK2 KO mice and their WT littermates to determine if there À/À fibroblasts (circles) Primary WT and knockout (KO) fibroblasts were grown in the presence of 5-100 U/ml IFN-b. After 4 days, cells were fixed and stained with sulforhodamine B. Absorbance of bound dye was expressed as percent of untreated controls (n ¼ 8, each datapoint). Primary KO fibroblasts displayed relative resistance to the antiproliferative effects of IFN-b; Asterisk indicates Po0.001; n ¼ 8. (d) Fibroblast survival: Colony counts produced by WT (gray) and KO (white) fibroblasts expressed as % control (Po0.05, all points, n ¼ 6). (e) The neutral comet assay was used to quantitate repair of DNA double strand breaks (DSB). WT and KO fibroblasts (5 Â 10 5 ) were plated in 60-mm dishes, exposed to 8 Gy g-irradiation at 25 1C, and incubated at 37 1C for various times. Cells were then detached using trypsin, suspended in 0.5 ml phosphate-buffered saline (PBS), and mixed with 4.5 ml low melting-point agarose that was dissolved in PBS at 90 1C and cooled to 37 1C. The mixture was placed onto microscope slides, incubated at 4 1C for 30 min, and cells were lysed at 4 1C for1 h in 2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCl, 1% N-lauroylsarcosine (pH 7) and subjected to neutral electrophoresis at 4 1C. For image analysis, cells were treated with 50 ml CYBR Green and covered with a coverslip. Fluorescent comet images were captured using Image-Pro Plus 6.2 and DSB frequencies were determined from the percentage of total fluorescence (100% at 0 h) in the comet tail (Po0.05 at 1, 2, 3 h; Student's t-test, n ¼ 6 each datapoint). (f) KO fibroblasts were transfected with empty vector (white bars), kinase-dead IHPK2 (striped bars) or IHPK2 (gray bars), and compared to WT fibroblasts (black bars) in colony forming assays as in (d) above; Po0.01: vector and kinase-deadexpressing KO fibroblasts vs IHPK2-expressing KO fibroblasts and WT fibroblasts (both 8 and 10 Gy exposure). was differential mRNA expression in various tissues. RNA was isolated from skin, brain, kidney, bladder, ovary and tongue of WT and KO animals (n ¼ 3), and prepared for hybridization according to the manufacturers instructions. We selected tongue as a representative tissue of the aerodigestive tract, one that gives rise to HNSCC and is easily biopsied. We selected skin as an epithelial tissue closely related to tongue, and brain, kidney, bladder and ovary because IHPK2 is expressed at relatively high levels in these tissues. Compared to WT mice, in all six tissues of the KO mice there was relative overexpression of two genes, TTF1 and TWISTNB, both suggested to function as oncogenes (Figure 8 ). TTF1 is a transcription factor that is active during lung development (Kendall et al., 2007) ; it promotes proliferation of immortalized lung epithelial cells, and is overexpressed in lung carcinoma cell lines. TWISTNB may be overexpressed in colorectal carcinoma (Lu et al., 2006) . Conversely, in all six tissues of IHPK2 À/À mice there was consistent downregulation of two genes, DUSP16 and EXT2, both purported to function as tumor suppressors. DUSP16 dysregulation leads to abnormal keratinocyte function and skin formation (Magnusdottir et al., 2007) . DUSP16 was suppressed in tumor biopsies from prostate cancer patients (Kibel et al., 2004) . DUSP16 may exert tumor suppressor activity via dephosphorylation of c-Jun NH 2 -terminal kinase (Hoornaert et al., 2003; Teng et al., 2007) . EXT2 (and EXT1) are often mutated in hereditary multiple exostoses, an autosomal dominant condition that causes protuberances at the ends of the long bones that can progress to become osteosarcomas (Hecht et al., 1995; Raskind et al., 1995) . Hence, IHPK2
À/À mice have decreased expression of these tumor suppressors.
Heat maps generated from the whole-genome expression analysis indicated there were eight tumor suppressor genes that were expressed in WT tongue at levels that were fivefold or greater compared to expression in KO tongue (Figure 9 , left panel). Three putative oncogenes were differentially overexpressed in KO tongue compared to WT tongue ( Figure 9 , right panel). It is likely that loss of tumor suppressor function, coupled with a relative increase in oncogene À/À mice (squares) following 30 week exposure to 100 mM 4-NQO in drinking water ad libitum, n ¼ 8.
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expression, contribute to tumorigenesis in KO mice. Judging by the signal intensity and number of genes involved, loss of tumor-suppressor function may play a larger role than enhancement of oncogene expression during tumorigenesis. Notably, when differential gene expression was detected (a fivefold difference in KO vs WT) it frequently occurred in all six tissues tested, not exclusively in the tongue. These data suggest that IHPK2 loss may predispose to neoplasms other than those that originate in the aerodigestive tract.
Thus, whole-genome expression profiling data provide additional clues as to the mechanism of tumor suppression by mediators that are downstream of IHPK2. The molecular mechanism by which IP6K2 (or InsP 6 ) modulates gene expression is not yet clear. DUSP16 and EXT2 gene expressions may be dependent on IHPK2 enzymatic activity. We are actively testing this hypothesis by expression of dominant negative IHPK2 constructs in HNSCC cell lines. Suppression of DUSP16 and EXT2 by DN-IHPK2 would support this theory. IHPK2 may function to normally suppress TTF1 and TWISTNB. In this case DN-IHPK2 will lead to enhanced TTF1 and TWISTNB expression. To establish the clinical relevance of these gene products, protein levels will be examined by immunohistochemistry performed on HNSCC specimens. We believe that tumors with low-level IHPK2 or mutant IHPK2 expression may have altered expression of these four markers.
To test the hypothesis that 5-PP-Ins(1,2,3,4,6)P 5 might directly promote cell death, microinjection of SCC22A cells was performed. Time-lapse photomicroscopy suggested that introduction of 5-PPIns(1,2,3,4,6)P 5 into the cytoplasm of SCC22A cells inhibited the mitotic rate, slowed cellular migration, induced plasma membrane blebbing and promoted apoptotic body formation in the 24-h period following injection (animation WMV2). Microinjection with the same concentration of InsP 6 (animation WMV1) did not induce these morphologic changes, and cells that received InsP 6 behaved no differently than uninjected cells (data not shown). As the injection volume was estimated to be 10% of the cell volume, cytoplasmic concentration of 5-PP-Ins(1,2,3,4,6)P 5 following injection was approximately 25 mM, fivefold higher than the concentration range normally observed in mammalian cells (1-5 mM) (Shears, 2004) . Microinjection of 1-thiono-InsP 7 a 1-pyrothiophosphate analog of InsP 7 , in which the nonhydrolysable pyrothiophosphate group was located at the 1-position rather than the 5-position, did not induce apoptosis (animation WMV3). These data suggest that pyrophosphorylation at the 5-position 
Figure 8
Whole-genome expression profiling in wild-type (WT) and inositol hexakisphosphate kinase 2 (IP6K2) knockout (KO) mice. Total RNA was prepared from six tissues (skin, brain, kidney, bladder, ovary, tongue) from WT and KO mice, which was then reverse transcribed into cDNA (n ¼ 3). Gene expression levels were determined using the Illumina platform and BeadStudio3 software (Illumina). Only hybridization signals with a minimum value of 25 (arbitrary units, after background subtraction) and Po 0.05 (compared to background signal intensity) and a fold difference >5 between WT and KO were considered for analysis. Data were expressed as fold change (mean KO signal/mean WT signal). Therefore, in the upper panel, genes are expressed at higher levels in KO mice; in the lower panel, genes are expressed at higher levels in WT mice. Four detailed datasets (spreadsheets containing all genes that were upregulated fivefold or greater in WT tongue, WT skin, KO tongue, KO skin) are included as Supplementary data.
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of the myo-inositol ring is critical for induction of HNSCC cell death.
Discussion
IP6K2 KO mice may display accelerated tumorigenesis following exposure to the carcinogen 4-NQO for several reasons. 5-PP-Ins(1,2,3,4,6)P 5 , the enzymatic product of IP6Ks, when microinjected into the cytoplasm, induced apoptosis in HNSCC cells that lacked it. Thus, changes in the substrate/product ratio (InsP 6 /5-PPIns(1,2,3,4,6)P 5 ) have been shown to regulate diverse cellular processes such as vesicular endocytosis (Saiardi et al., 2002) , exocytosis (Illies et al., 2007) and DNA repair systems that utilize NHEJ (Hanakahi et al., 2000; Ma and Lieber, 2002; Byrum et al., 2004) . Time-lapse video microscopy suggested that mitoses often appeared arrested, possibly secondary to inhibition of DNA repair. Commercially available lipid-based transfection agents were ineffective at delivery of 5-PPIns(1,2,3,4,6)P 5 into HNSCC cells and did not induce apoptosis (data not shown). Future efforts will focus on the use of synthetic compounds that function as shuttle vectors to enhance inositol polyphosphate delivery to the cytoplasm. This strategy may lead to development of a new class of chemotherapeutic agents. A paradox: Why should IP6K2 KO animals show resistance to ionizing radiation, yet display increased susceptibility to a carcinogen, both stressors that drive neoplastic transformation? InsP 6 promotes NHEJ, a process that repairs DSBs (Hanakahi et al., 2000; Figure 9 Heat maps: Whole-genome expression analysis. Illumina gene expression data in six murine tissues was selected for display using the same criteria as in Figure 8 (fold difference in gene expression >5 (wild-type (WT) vs knockout (KO)); hybridization signal >25, Po0.05). Red indicates high-, black indicates moderate-and green indicates low-signal intensity. Left panel: genes ranked according to highest expression in WT tongue. Tumor suppressor genes indicated by arrows. Right panel: genes ranked according to highest expression in KO tongue. Putative oncogenes indicated by arrows. Four spreadsheets containing signal intensity data (WT, KO, tongue, skin) are included as Supplementary data. A full colour version of this figure is available at the Oncogene journal online. Cheung et al., 2008) . The fidelity of NHEJ may depend on the cellular ratio of InsP 7 to InsP 6 ; NHEJ fidelity can be affected by small molecules such as caffeine (Kawata et al., 2005) . TTF1, an oncogene upregulated in KO mice (Figure 8 ), is also upregulated during repair following lung injury (Pogach et al., 2007) and may modulate NHEJ. Effects of InsP 7 on Ku70/80, a key component of the NHEJ complex known to bind InsP 6 (Hanakahi et al., 2000) , remain to be elucidated.
Materials and methods

Generation of IHPK2 knockout mice
The gene encoding IP6K2, IHPK2, is located on murine chromosome 9 (Ensembl gene model: ENSMUS00000032599), and has six exons. The OSDD2 vector (containing a Neo cassette flanked by LoxP sites) was designed to remove 201 bp of exon 2 (encoding amino acids 1-67) and throw the coding sequence in exon 3 out of frame (starting with translation from the next antithymocyte globulin (ATG)), when exon 1 (which is noncoding) was spliced to exon 3. The left homology arm, representing the sequence À3385 to À1 (with ATG at position 1), was engineered to contain XhoI and ClaI restriction sites. The right homology arm, 4671 bp in size, containing PacI and HindIII restriction sites, was amplified from bacterial artificial chromosomes using PCR. Both homology arms were digested and ligated into OSDD2. Final vector (14494 bp) was linearized with NotI before electroporation into 129SV/J ES cells. Neomycin-resistant ES cells were injected into C57Bl/6 blastocysts and implanted into pseudopregnant females. The resultant chimeric mice were crossed with outbred BL Swiss mice. Offspring of this breeding were interbred to generate KO (IHPK2
genotyping by PCR analysis of tail biopsies (Gentra; Qiagen, Valencia, CA, USA) confirmed the expected 1:2:1 KO/heterozygous/WT ratio. These mice, maintained on the 129SV-C57Bl/6 background, housed in microisolator cages under 12 h light/12 h dark cycles, were used for subsequent studies. All studies were approved by the Cleveland Clinic Institutional Animal Care and Use Committee.
Materials
Murine PEGylated IFN-b (Biogen-Idec, Cambridge, MA, USA) specific activity 3.4 Â 10 8 U/mg was used in these studies.
Antiproliferative assays
Cells were treated with IFN-b during growth in RPMI-1640 (Mediatech Inc., Herndon, VA, USA) and 5% fetal bovine serum (HyClone, Logan, UT, USA). Cells were confirmed Mycoplasma free by PCR. Growth was monitored using a colorimetric assay (Skehan et al., 1990) . Each treatment group contained eight replicates. Cells were fixed and stained with sulforhodamine B after 4 days. Bound dye was eluted from cells and absorbance (A exp ) was measured at 570 nm. One plate was fixed 8 h after plating to determine the absorbance representing starting cell number (A ini ). Absorbance with this plate and that obtained with untreated cells at the end of the growth period (A fin ) were taken as 0 and 100% growth, respectively. Thus,
Expressed as a percent of untreated controls, a decrease in cell number (relative to starting cell number) is a negative number on the y axis.
Carcinogen exposure
The carcinogen 4-NQO (Sigma Aldrich, St Louis, MO, USA) stock was prepared fresh weekly (5 mg/ml) in propylene glycol and stored at 4 1C. Eight KO (four male, four female) and eight WT (four male, four female) mice were allowed free access to drinking water containing 4-NQO (100 mg/ml) that was changed weekly. After 24 weeks (or earlier if mice exhibited weight loss >15% body mass, dehydration, or lethargy), mice were killed, and gross lesions (>1 mm diameter) of the tongue, esophagus and stomach were counted. Lesions were excised, fixed in formalin, embedded in paraffin and 4 mM sections were cut, deparaffinized and stained with hematoxylin and eosin.
Pathological examination
Lesions were classified as normal, epithelial hyperplasia, dysplasia and invasive carcinoma. Hyperplasia was defined as thickened epithelium with hyperkeratinization. Dysplasia was defined as nuclear pleomorphism, loss of epithelial cell polarity and increased/abnormal mitotic figures, confined to the epithelium. Invasive carcinoma was defined as migration of dysplastic cells into the subepithelial tissues.
RT-PCR
Total RNA was isolated from cell lines using the AllPrep DNA/RNA Mini Kit, first-strand cDNA synthesis (reverse transcription) was performed using the Omniscript RT Kit (both from Qiagen). PCR was performed using Roche Expand High Fidelity DNA Polymerase (Roche Applied Science, Mannheim, Germany), and the primers 5 0 -pATG AGC CCA GCC TTC AGG GCC ATG and 5 0 -p CTC CCC ACT CTC CTC ACT TAT CTC, an annealing temperature of 38 1C Â 45 s, extension at 72 1C Â 60 s and 38 cycles of amplification.
Immunoblot analysis
Total cell protein (50 mg) was separated on 10% SDSpolyacrylamide gels and transferred to polyvinylidene difluoride membrane. Membranes were incubated with monoclonal antibody raised against IP6K2 (made in our laboratory) or GAPDH (Trevigen Inc., Gaithersburg, MD, USA). After washing, membranes were incubated with appropriate secondary antibody conjugated to horseradish peroxidase and developed using ECL reagents (Pierce, Rockford, IL, USA).
Synthesis of 5-PP-Ins(1,2,3,4,6)P 5 Synthesis of 5-PP-Ins(1,2,3,4,6)P 5 was performed as previously described; see Supplementary information (Bhandari et al., 2007) . Description of a scalable synthetic route to 5-PPIns(1,2,3,4,6)P 5 , its spectroscopic characterization and its validation in the ADP þ InsP 7 2ATP þ InsP 6 reaction catalysed by IP6K has recently been published (Zhang et al., 2009) .
Microinjection
Cells were plated on coverslips in tissue culture dishes and microinjected 24 h later at 60-75% confluence. InsP 6 or InsP 7 or 1-thiono-InsP 7 (250 mg/ml, dissolved in 200 mM KPO 4 pH 7.4) was microinjected into cells utilizing an Eppendorf Transinjector 5246, a Eppendorf Micromanipulator 5171, Eppendorf Femtotip injection pipettes and microloaders (used to fill microinjection needles) and a Nikon Diaphot 200 inverted microscope. Cytoplasmic injections were performed using the Z depth limit option (injection time of 0.5 s, injection pressure of 65 hPa, compensation pressure of 30 hPa). SCC22A cells normally grow as clusters, rather than dispersed single cells. Four clusters of 30-50 cells were injected with each compound. After microinjection, cells were washed once with phosphate-buffered saline (PBS) and fresh complete medium was applied.
Time-lapse photography Time-lapse photography was performed using a Leica DMIRB Inverted microscope with a 20 Â /0.4 N.A. N Plan Phase lens (Leica Microsystems GmbH, Wetzlar, Germany), a PeCon Incubator (PeCon GmbH, Erbach, Germany), a Leica temperature controller and CO2 Incubation Chamber (Leica Microsystems GmbH), a Uniblitz shutter (Vincent Associates, Rochester, NY, USA), a Prior motorized stage and a linearly encoded controller with x/y/z drive for time-lapse imaging of multiple fields (Prior Scientific Inc., Rockland, MA, USA). Images were acquired using a Roper Scientific CoolSNAP HQ Cooled CCD camera (Roper Scientific, Tucson, AZ, USA) and MetaMorph Software (Molecular Devices, Downingtown, PA, USA). Phase contrast images of microinjected cells growing in a six-well plate were collected every 5 min for 24 h. Time-lapse movies were created using ImagePro Plus software (Media Cybernetics, Bethesda, MD, USA).
Abbreviations IP6K2, inositol hexakisphosphate kinase 2; 4-NQO, 4-nitroquinoline 1-oxide; IFN, interferon; HNSCC, head and neck squamous cell carcinoma; NHEJ, nonhomologous end joining; PBS, phosphate-buffered saline.
